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[57] | ABSTRACT

A method of remotely determining the three-dimensional
velocity of a fiuid such as air or water, the method consisting
in emitting signals of determined frequencies in at least three
different directions by means of a plane array of transducers,
and in using said transducers to pick up acoustic signals

backscattered by the fluid, the method consisting in emitting

trains of signals at different determined frequencies f1, {2,
and 13, firstly in a determined direction D1, then in a
determined direction D2, and finally in a determined direc-
tion D3, and subsequently in picking up all of the signals
backscattered by the fluid. The invention makes it possible

to improve the accuracy and to increase the maximum range
of measurements.

14 Claims, 2 Drawing Sheets
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METHOD OF REMOTELY DETERMINING
THE THREE-DIMENSIONAL VELOCITY OF
A FLUID SUCH AS AIR OR WATER

The 1nvention relates to a method of remotely determin-
ing the three-dimensional velocity of a fluid such as air or

water, by means of an array of acoustic transducers used as
emitters and as receivers.

BACKGROUND OF THE INVENTION

It 1s already known that a plane array of acoustic trans-
ducers organized in rows and in columns and oriented in a

10

common direction perpendicular to the plane of the array

can be used for emitting acoustic signals in various different
directions and for receiving signals that are backscattered by
the fluid. The principles on which the control and operation
of an array of that type are based have already been
described, in particular in U.S. Pat. No. 3,448,450 for a radar
application, in French patent 2,499,252 in a sonar applica-
tion, and in U.S. Pat. No. 4,558,394 1n a “sodar” or acoustic
“radar” application for determining wind velocity in the
atmosphere.

In devices of that type, it is conventional to emit signals

at known constant frequency in a determined direction, and
then to pick up the signals that are backscattered in that
direction, for the purpose of determining their frequency and
of deducing the velocity of the fluid in the above-specified
direction on the basis of the difference between the fre-
quency of the emitted signals and the frequency of the
signals as picked up (Doppler effect). Thus, by emitting and
picking up acousfic signals successively in three different
directions, it is possible to determine the three-dimensional
velocities of wind in the atmosphere or of water in a current
in the sea, for example.

OBJECTS AND SUMMARY OF THE
INVENTION

A particular object of the invention is to greatly increase
the performance of “sodars” or sonars of the type having an
array of acoustic transducers, by means of a method that
enables measurement accuracy to be improved, that enables
the maximum range of sodars or of sonars to be increased,
and that simultaneously reduces the total signal acquisition
time.

To this end, the invention provides a method of remotely
determining the three-dimensional velocity of a fiuid such as
air or water, the method consisting in emit{ing acoustic
signals of determined frequency in at least three different
directions by means of an array of transducers, in using the
same transducers to pick up the acoustic signals backscat-
tered by the fluid, and in determining the velocities of the
fluid in the above-specified directions on the basis of the
shifts in frequency between the emitted signals and the
signals as picked up, the method consisting in emitting a
train of signals having determined durations and determined
different frequencies in one of the above-mentioned direc-
tions D1, then in another of said directions D2, and so on
until said train of signals has been emitted successively in
each of the above-mentioned directions, and then in picking
up all of the backscattered signals, in simultaneously pro-
cessing the picked-up signals to obtain frequency spectra
following one another in time for each of the above-
specified directions, and in deducing therefrom the veloci-
ties of the fluid at different distances in each of the above-
specified directions.
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For a given range, and relative to the case where signals
are firstly emitted and received in one direction, and then in
another direction, and so on, the total duration of backscat-
tered signal reception, is thus reduced by a factor that is
equal to the number of emission directions. This advantage
becomes particularly significant once emission takes place

in more than three directions, for example in five directions.

Furthermore, the use of a plurality of emission frequen-
cies makes it possible to obtain given measurement accuracy
with a smaller signal to noise ratio, e.g. a ratio that is 15 dB
to 20 dB smaller when using five emission frequencies,
which also has the consequence of increasing the maximum
detection range.

In addition, by emitting signals firstly in one direction,
and then 1n another direction, etc., it is possible to emit at full
power in each direction.

In a first embodiment of the invention, the above-men-
tioned processing of the picked-up signals consists essen-
tially in amplifying them, in digitizing them, in combining
them mutually to obtain signals for each emission direction,
and 1n applying fast Fourier transforms thereto.

Such processing is essentially digital and can be per-
formed at very high speed on conventional data processing
systems.

In another embodiment of the invention, the above-
mentioned processing of the signals consists essentially in
amplifying them, in digitizing them, in applying fast Fourier
transforms thereto, and in mutually combining them to
obtain signals that correspond to the emission directions.

In yet another implementation of the invention, the pro-
cessing consists essentially in amplifying them, in combin-
ing them mutually to obtain analog signals corresponding to
the transmission directions, then in digitizing the signals
obtained in this way, and in applying fast Fourier transforms
thereto.

The method of the invention also consists in verifying the
compatibility of the velocities obtained at the various emis-
sion frequencies and in symmetrical emission directions in
order to eliminate results that are erroneous or deviant,
thereby contributing to obtaining given accuracy with a
smaller signal to noise ratio.

To enable the method to be applicable to measurements
performed at short distances, the invention also provides for
permutating the order in which signals are emitted at dif-
ferent frequencies, and the order of emission directions.

In a particular embodiment, the invention provides for
emitting trains of signals at five different frequencies suc-
cessively in five different directions.

The redundancy of the data that results from emitting five
frequencies in five directions contributes to improving the
accuracy if measurement and to increasing the maximu
detection range. In addition, the method whereby a plane
array of acoustic transducers is controlled remains simple
when emitting in five different directions that comprise the
perpendicular to the plane of the array and four other
directions that are symmetrical in pairs relative to said
perpendicular. |

The 1nvention 1s equally applicable to detecting the speed
of wind in the atmosphere (sodar system) and to detecting
the speed of currents in the sea at different depths (sonar
system).

BRIEF DESCRIPTION OF THE DRAWINGS

The invention will be better understood and other char-
acteristics, details, and advantages thereof will appear more
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clearly on reading the following description given by way of
example and made with reference to the accompanying
drawings, in which:

FIG. 1 is a diagram of a plane array of acoustic trans-
ducers for implementing the method of the invention;

FIG. 2 is a graphical representation of how acoustic
signals are emitted and received in the context of the method
of the invention; and

FIG. 3 is a block diagram of a system for processing
backscattered signals as picked up by the acoustic transduc-
CIS.

MORE DETAILED DESCRIPTION

By way of example, FIG. 1 1s a diagrammatic represen-
tation of a plane array of acoustic transducers 10 which are
organized 1n rows and in columns and which are all oriented
in the same direction perpendicular to the plane of the
drawing.

Such transducers arrays are now well known 1in the art, as
are the principles applicable to controlling and operating
them.

In summary, to emit successively in different directions,
the lines of transducers 10 are fed with signals that are of
determined frequency and that are phase shifted, e.g. by 90°,
from one row of transducers to another, thereby defining a
first emission direction. Thereatter, the same lines of trans-
ducers 10 are fed with signals that are at the same frequency,
but that are phase shifted by 90° in the opposite direction
from one row to another, thereby giving rise to emission in
a direction that is symmetrical to the first about the perpen-
dicular to the plane of the drawing, aiter which the columns
of transducers 10 are fed with signals that are at the same
frequency but that are shifted by 90° from one column, to the
next, and so on, terminating with all of the transducers 10
being fed with signals that are at the same frequency and that
are in phase so as to obtain emission in a direction perpen-
dicular to the plane of the drawing.

It 1s thus possible to emit in five different directions, one
of which directions is perpendicular to the plane of the
drawing, while the other directions are symmetrical in pairs
relative to the first direction and are contained in perpen-
dicular planes that intersect on the first direction.

The above technique i1s well known to the person skilled
in the art and 1s described in the prior documents mentioned
above. |

In similar manner, the backscattered signals which are
picked up by the transducers 10 are processed in the same
manner as the emission signals, but in inverse manner: the
signals output by the transducers 10 are combined with one
another after being phase shifted through 90° relative to one
another from one row to the next or from one column to the
next, with the combining or summing thereof making it
possible to obtain simultaneously as many reception signals
as there are emission directions.

To enable the essential characteristics of the invention to
be better understood, reference is now made to FIG. 2 which
is a graphical representation diagrammatically representing
the emission of acoustic signals at different frequencies in
different directions, and the reception of signals that have
been backscattered, e.g. by the atmosphere, where time t is
plotted along the abscissa and altitude z is plotted up the
ordinate. FIG. 3 corresponds to a simplified case in which
signals are emitted at three different frequencies f1, 2, and
3 successively in three different directions D1, D2, and D3.
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'The method of the invention consists in emitting in
direction D1 firstly a signal of frequency fl for a predeter-
mined duration, then a signal of frequency {2 for the same
duration, and then a signal of frequency f3 for the same
duration; thereafter in emitting in direction D2 the signal of
frequency fl for the above-mentioned duration, then the
signal {2 for the same duration, and subsequently the signal
of frequency {3 during the same duration; and finally in
emitting in the direction D3 the signal of frequency f1 during
the above-mentioned duration, then the signal of frequency
f2 for the same duration, and finally the signal f3 for the
same duration. The durations of the signals are not neces-
sarily equal, and they may be arbitrary.

The signals travel through the atmosphere at a speed of
about 300 meters per second (m/s) and they are backscat-
tered 1n part by the atmosphere. The backscattered signals
are picked up by the transducers 10 with said signals being
received after the signals at all of the determined frequencies
and 1n all of the determined directions has been emitted, with
signal reception beginning after a certain amount of time has
elapsed from the end of signal emission, said relatively short
time lapse corresponding to the time required for switching
the circuits and defining a2 minimum measurement altitude
z0. If reception begins at time t1, it can be seen that during
an interval t1-t2, signals are received that were emitted at
the frequency f3 and in the direction D3, and that have been
backscattered by a slice of altitude z0-z2, together with
signals that were emitted at the frequency 2 in the direction
D3 and that have been backscattered by the slice of altitude
z1-z3, and the signals that were emitted at the frequency {1
in the direction D3 and that have been backscattered by the
slice of altitude z2-z4, and so on, terminating with the
signals that were emitted at the frequency f1 in the direction
D1 and that have been backscattered by the slice at altitude
28-210.

It can also be seen that for the slice of altitude z0-z2, and
during time interval t1-t2, the only signal which is received
was emitted at the frequency f3 in the direction D3 and has
been backscattered by the slice at altitude z0-z2, and that for
said slice, no signals emitted at the frequencies f1 or f2 in the

direction D3 are received, nor are any signals emitted in the
directions D1 and D2.

For the slice at altitude z1-23, centered on z2, and during
time interval t1-t2, the signal emitted at frequency {2 in
direction D3 is received, while during time intervals t2-t3,
the signal emitted at frequency f3 in direction D3 is
received.

For the slice of altitude z8-z10 centered on z9, it is
possible during time interval t1-t10 to pick up all of the
signals of frequencies f1, 2, and f3 as emitted in all of the
directtons D1, D2, and D3, and which are backscattered by
said slice. Thus, going from this altitude slice, and up
through each slice of greater altitude, three different fre-
quencies emitted in three different directions are thus avail-
able, thereby giving rise to nine items of information con-
cerning the wind velocity at a given altitude.

When trains of signals are emitted at five different fre-
quencies in five different directions, then, starting from the
slice of altitude z24-z26 (centered on z25, not shown), it is
possible to pick up 25 items of information relating to wind
velocity at a given altitude.

The invention also makes it possible to permutate (at
intervals that may be regular or otherwise) the order in
which the frequencies are emitted, and the order in which
different directions are emitted. This makes it possible to
obtain greater amounts of information at low altitudes, and,
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for example, to obtain backscattered signals coming from
signals emitted at frequencies f1, f2, and {3 in directions D1,
D2, and D3 for altitudes lower than the slice z8-z10 in the
example shown in FIG. 2.

To avoid possible ambiguity, €.2. due to a frequency shift
due to the Doppler effect and being of the same order of
magnitude as the separation between two emission frequen-
cies, the approximate size of the Doppler effect frequency
shift can be determined before or after a series of measure-
ments by intermittently emitting signals at a single fre-
quency in each of the predetermined measurement direc-
tions. The results then obtained serve to fix the order of
magnitude of the Doppler effect due to wind speed, thereby
providing information about possible danger of ambiguity
and making it possible to take the appropriate measure-
ments. It 15 also possible, for this purpose, to emit signals at
different frequencies that are separated by differences that

are relatively large, and greater than any Doppler effect
differences.

Reference i1s now made to FIG. 3 while describing one
method of processing the signals output by the transducers
10, which signals are representative of acoustic signals
backscattered by the atmosphere at different altitudes and in
different directions.

In the array of transducers 10 shown in FIG. 1, which
array comprises 52 transducers, the transducers are grouped
together in conventional manner in 16 subassemblies for
facilitating control of the array of transducers. It is these
subassemblies of transducers 10 that pick up the signals
backscattered by the atmosphere and that produce output

signals which are applied to the processing system of FIG.
3.

This processing system comprises 16 parallel paths, each
of which receives the output signal S from a respective
subassembly of transducers 10, which signal is firstly
applied to an amplifier 12 whose output is connected to
analog to digital converter means 14, e.g. sampling means.

Thereatter, the digital signals are processed at 16 to apply
fast Fourier transforms so as to gain access to the frequen-
cies of said signals.

The results of the transforms are then processed at 18 by
software for combining signals which, as mentioned above,
combines the signals by phase shifting and summing in a
manner similar to that performed for emitting signals at
different frequencies and in different directions, so as to

obtain output frequency spectra 20 each of which corre-
sponds to an emission direction.

~ In a vanant, the signals amplified at 12 may be mutually

combined to provide signals that correspond to the various
emission directions before or after they are digitized at 14
and before they are processed by fast Fourier transforms.

When three different frequencies are emitted in succes-
sion in each emission direction, each frequency spectrum 20
comprises three frequencies each of which corresponds to a
slice at a different altitude.

The frequency signals which are thus obtained in succes-
sion over a period of time are subsequently recombined by
altitude slice and by emission direction. By comparing these
frequencies with the emission frequencies, frequency offsets
are obtained which are due to the Doppler effects of the air
speed 1n given directions and for determined altitude slices.

As a result, the three-dimensional components of air
speed at different altitude slices are thus obtained.

In any event, at the end of processing, checks are per-
formed to determine whether the velocities obtained at
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different frequencies are mutually compatible. Such com-
parison relates to the velocities obtained at the various
emission frequencies for a common emission direction, and
also to the horizontal components of the velocities obtained

for emission directions that are symmetrical about the ver-
tical.

Specifically, there follow below concrete examples of the
essential characteristics of three devices in which the
method of the invention has been implemented.

The first device 1s a sodar for measuring the velocity of
the atmosphere between a minimum altitude of about 20
meters (m) and a maximum altitude lying in the range about
1 km to about 2 km. Using that device, five signals of
different frequencies have been emitted successively in five
different directions, with the duration of emission of each
signal being about 200 ms, with the acoustic power emitted

lying typically in the range 2 W to 80 W, and with the
emission frequencies being centered on 2100 Hz and dif-
fering from one another by 75 Hz. The total time required for
emission in all five directions is thus about 5 seconds, and
the total time required for reception is of the order of 10
seconds. The time required for processing the output signals
from the transducers is of the order of about 10 seconds and
varies with the range of the device. In practice, emission-
reception cycles are repeated over a few minutes in order to
provide mean values for the measurements.

The second device was likewise a sodar for measuring air
velocity but between a minimum altitude of about 60 m and
a maximum altitude lying in the range about 3 km to about
5 km. That device emitted five signals at different frequen-
cies successively in five different directions, with each signal
being emitted for a duration of about 600 ms, its power lying
in the range about 200 W to about 300 W, and the frequen-
cies of the emission signals being centered on 700 Hz and
being mutually spaced apart by about 25 Hz. The total
duration of emission in all five different directions is there-
fore about 15 seconds, so the total reception duration is
about 30 seconds.

The third device was a sonar for measuring the velocity of
water at depths lying in the range about 20 m to about 1 km
to 2 km. That device emitted five signals at different fre-
quencies successively in five different directions, with each
signal being emitted for a duration of about 40 ms, its power
lay in the range a few Watts to several hundreds of Watts, its
emission Ifrequencies were centered on 40 kHz and were
mutually separated by about 500 Hz.

We claim:

1. A method of remotely determining the three-dimen-
sional velocity of a fluid such as air or water, the method
consisting 1n emitting a train of acoustic signals of deter-
mined frequency in at least three different directions by
means of an array of transducers, the emitted signals having
determined durations and determined different frequencies
and being emitted in succession in one of the said directions,
then in another of said directions, and so on until said train
of signals has been emitted successively in all said direc-
tions, in using the same transducers to pick up the acoustic
signals backscattered by the fluid, the signals picked-up
during each of a succession of time intervals equal to the
said duration of an emitted signal comprising signals having
different frequencies which have been backscattered by the
fluid in the said different directions and at different distances
from the transducers, in processing the signals picked-up
during said succession of time intervals to obtain frequency
spectra following one another in time for each of the said
directions, and in deducing therefrom the velocities of the
fluid at different distances in each of the said directions on .




5,521,883

7

the basis of the shifts in frequency between the emitted
signals and the picked-up signals.

2. A method according to claim 1, wherein the processing
of the picked-up signals consists essentially in amplifying
them, in digitizing them, in combining them mutually to
obtain signals corresponding to the emission directions, and
in applying fast Fourier transforms thereto.

3. A method according to claim 1, wherein the processing
of the picked-up signals consists essentially in amplifying
them, in digitizing them, 1n applying fast Fourier transforms
thereto, and 1in mutually combining them to obtain signals
corresponding to the emission directions.

4. A method according to claim 1, wherein the processing
of the picked-up signals consists essentially in amplifying
them, in mutually combining them to obtain analog signais
corresponding to the emission directions, then in digitizing
the signals obtained in this way and in applying fast Fourier
transforms thereto.

5. A method according to claim 1, consisting, for mea-
suring velocities at short distances, in permutating the emis-
sion order of the signals at different frequencies and the
order of the emission directions.

6. A method according to claim 1, consisting in verifying
the compatibility of the velocities obtained at different
emission frequencies for a given emission direction, and for
emission directions that are symmetrical about the vertical.

7. A method according to claim 1, wherein the number of
different frequencies emitted is not less than 3.

8. A method according to claim 1, characterized it that the
method consists in successively emitting trains of signals at
five different frequencies and in five different directions.

9. A method according to claim 1, consisting in intermit-
tently emitting signals at a single frequency to determine the
order of magnitude of the frequency offset between emitted
signals and picked-up signals; or signals of different fre-
quencies separated by relatively large differences, greater
than the frequency offsets to be measured.

10. A method according to claim 1, wherein the fluid is
atmospheric air, and the emitted signals have durations of
the order of 200 ms, and the emission frequencies are
separated by about 75 Hz, the range of emission frequencies
being centered on a value of about 2.1 kHz.

11. A method according to claim 1, wherein the fluid is
atmospheric air, and the emitted signals have durations of
the order of 600 ms, and the emission frequencies are
separated by about 25 Hz, the range of emission frequencies
being centered on a value of about 700 Hz.

12. A method according to claim 1, wherein the fiuid is
water, and the emitted signals have durations of the order of
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40 ms, and frequencies that are separated by 500 Hz, the
emission frequency range being centered on a value of about

40 kHz.
13. A method for remotely determining the velocity of a
fluid at a plurality of points in said fluid, comprising:

A. providing an array of acoustic transducers,

B. controlling said transducers to operate as a phased
array, and in a first mode;

1. to generate a succession o1 acoustic signals during a
corresponding succession of time intervals, wherein
successive groups of said acoustic signals in said
succession propagate from said array in a different
one of a set of predetermined directions and wherein
each of said groups includes a plurality of said
signals, each signal of said plurality having a prede-
termined duration and being at a different one of a set
of predetermined frequencies, and in a second mode:

i1. to simultancously receive for each of said directions,
and 1n each of a succession of a time intervals,
portions of each of said plurality of signals which are
backscattered from said fluid,

C. determining from said received signals during said
succession of time intervals the velocity of said fluid at
a plurality of different distances from said array.
14. A system for remotely determining the velocity of a
fluid at a plurality of points in said fluid, comprising:
A. an array of acoustic transducers,

B. means for controlling said transducers to operate as a
phase array, and in a first mode:

1. t0 generate a succession of acoustic signals during a
corresponding succession of time intervals, wherein
successive groups of said acoustic signals in said
succession propagate from said array in a different
one of a set of predetermined directions and wherein
each of said groups includes a plurality of said
signals, each signal of said plurality having a prede-
termined duration and being at a different one of a set
of predetermined {requencies, and in a second mode;

11. to simultaneously receive for each of said durations,
and in each of a succession of a time intervals,
portions of each of said plurality of signals which are
backscattered from said fluid,

C. means for determining from said received signals
during said succession of time intervals the velocity of
said fluid at a plurality of different distances from said
array.
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